The potential of near-field photocurrent spectroscopy for direct imaging of mode profiles of submicron-sized waveguides in optoelectronic devices is demonstrated. The technique combines the submicron spatial resolution of near-field optics with tunable laser excitation, allowing for selective investigation of the waveguide properties of the device structure. Experiments on InGaAs/AlGaAs high-power laser diodes with different waveguide designs provide direct visualization of the effect of the waveguide design on ͑i͒ the number of guided modes and ͑ii͒ the spatial profile of both fundamental and higher-order modes. The technique thus provides a sensitive tool for nondestructive in situ analysis of waveguide properties in optoelectronic devices.
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Optical waveguides are key ingredients of all semiconductor diode lasers. They confine the optical mode inside the laser cavity to dimensions in the micron or even submicron range and thus ensure sufficient overlap of the optical mode and the gain medium, e.g., a double quantum well ͑DQW͒ layer inside the waveguide. While the theoretical description of the waveguide mode structure by solving Helmholtz' equations is well established, 1,2 it is generally quite complicated to experimentally image the optical mode structure directly. From an application point of view, such imaging is of considerable interest as it would allow to characterize the effects of waveguide imperfections 3, 4 or dopant profiles on the waveguide mode structure. This requires optical techniques with subwavelength spatial resolution, such as nearfield scanning optical microscopy, 5, 6 that overcome the diffraction-limited resolution of far-field microscopy by using evanescent fields in the vicinity of nanometer-sized objects, such as apertures in metal-coated fiber probes 6 or sharp metal tips. 7 Information on transversal optical mode profiles of laser diodes was obtained by spatially resolved collection of the laser emission. 8, 9 These techniques are limited to those modes that contribute to the laser emission. This limitation can be overcome and the mode structure of both the fundamental and of higher waveguide modes can be imaged by monitoring the position-dependent coupling of a localized light source into these modes using the recently introduced technique of near-field photocurrent spectroscopy. [10] [11] [12] In this letter, we demonstrate the potential of this technique for directly mapping the optical mode profiles in waveguides by experimentally and theoretically studying near-field photocurrent images of high-power laser diodes of different waveguide designs.
In our experiments, we investigated asymmetrically coated ͑In͒AlGaAs/GaAlAs/GaAs high-power laser diodes with different waveguide designs. All samples consist of an active region of two 8 nm ͑In͒AlGaAs quantum wells ͑DQW͒ inside an Al 0.3 Ga 0.7 As step-index ͑SIN͒ waveguide that is clad by two 1.5 m wide Al 0.6 Ga 0. 4 As layers. We compare structures with ͑i͒ the DQW centered inside a 440 nm wide SIN waveguide ͑diode A͒, ͑ii͒ a 1000 nm SIN waveguide ͑DQW symmetrically centered, diode B͒, and ͑iii͒ a 1000 nm SIN region with a DQW that is off-centered by 120 nm ͑diode C͒. All samples are antireflection ͑AR͒ coated with an ϳ120-nm-thick Al 2 O 3 -layer. The photon energy of the laser emission is 1.53 eV (ϭ808 nm), for all three diodes.
In the near-field photocurrent ͑NPC͒ experiments, the laser diode is excited by light transmitted through a 100-150 nm aperture at the end of a metal-coated near-field fiber probe. 12 The photoinduced current across the p-i-n junction is detected as a function of the tip position as the tip is scanned across the diode facet. Tunable continuous wave lasers are used as excitation sources and the photoinduced signal is detected with a lock-in amplifier with the laser diode unbiased.
Macroscopic far-field photocurrent ͑PC͒ spectra, recorded with a spatial resolution of about 500 m, show a characteristic signal increase at an excitation energy of 1.53 eV that results from the onset of the interband absorption from the first heavy hole to the first electron subband in the DQW. The more than two orders of magnitude smaller contribution to the PC signal at energies below 1.53 eV is related to light absorption by defects inside the waveguide. 13 The far-field PC spectra are similar for all three diodes. The excellent agreement between far-field and spatially integrated near-field PC spectra ensures that near-field scans allow to analyze the microscopic origin of far-field PC spectra. 16 Two-dimensional NPC images have been recorded for the three laser structures for different excitation wavelengths. A representative image for diode A and excitation at 1.53 a͒ Author to whom correspondence should be addressed; electronic mail: lienau@mbi-berlin.de APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 11 12 MARCH 2001 eV, slightly above the onset of the DQW absorption, is shown in Fig. 1͑a͒ . All images are rather homogeneous as the tip is scanned along the y axis, parallel to the DQW layer, while pronounced spatial variations in PC signal intensity are observed along x, perpendicular to the DQW layer. Figure  1͑b͒ shows a cross section through the two-dimensional image for diode A ͑440 nm wide SIN waveguide͒ along the x axis. In the inset the data are displayed on a logarithmic intensity scale. We observe a single narrow NPC peak with a full width at half maximum ͑FWHM͒ of 400 nm, which is centered at the DQW position. Outside the waveguide region, the signal intensity decays exponentially with increasing x ͓Fig. 1͑b͒, inset͔. Different NPC images are observed for diode B ͑1 m wide SIN waveguide, centered DQW͒ for the same excitation energy of 1.53 eV, Fig. 2 . The cross section along x shows a narrow peak with a FWHM of about 250 nm centered at the DQW position. This peak is surrounded by two weaker, slightly broader and asymmetric side peaks that are separated by 400 nm from the central peak. The width of the entire triple peak structure is about 1 m, corresponding to the width of the SIN waveguide layers. For diode C ͑1 m wide SIN waveguide, off-centered DQW, Fig. 3͒ , the triple peak is almost entirely washed out and the NPC signal consists of only a single broad peak with a width of 950 nm.
In these experiments, the light transmitted through the near-field fiber probe constitutes an excitation source of subwavelength dimension that is coupled into the laser waveguide. The p-i-n junction of the laser diode then serves as a local photodetector, which detects the light intensity that is coupled into and absorbed within the waveguide. For metalcoated near-field aperture probes, the electromagnetic field distribution directly below the aperture consists of a superposition of both evanescent and propagating waves. 14 The contribution from evanescent waves decays in the Al 2 O 3 AR coating between near-field probe and diode layers. Therefore, the electric field distribution E in (x,y) in the plane of the antireflection/diode interface, zϭ0, that is coupled into the laser waveguide consists basically only of propagating fields with a maximum lateral component k lat ϭͱk x 2 ϩk y 2 of the wave vector kϭ(k x ,k y ,k z ) of 2n AR /. Calculations of the field propagation through the multilayer structure within a matrix transfer formalism show that the corresponding spatial intensity I in (x,y)ϭ͉E in (x,y)͉ 2 is well described by a Gaussian profile with a FWHM of 200 nm centered at the tip position. Thus, the effective spatial resolution in the experiment is not limited by the aperture diameter but is close to the diffraction-limited resolution defined by the refractive index of the AR coating, n AR . This approximation seems valid if the AR layer thickness exceeds the decay length of the evanescent field /2n AR . The efficiency for coupling ͉ m ͉ 2 into a mode m of the waveguide is then given by 
with E m (x,y) being the electric field distribution of waveguide mode m in the plane zϭ0. 15 The coupling efficiency therefore maps the square of the overlap integral of the incident electric field E in and the field profile of mode m. The field distribution inside the waveguide Ew(r) can be decomposed into a superposition of a finite number of guided modes, Eg m,i (r), and a quasicontinuum of unguided or radiation modes, Er n,i (r):
where iϭTE,TM denotes the mode polarization. For weakly guiding optical waveguides, the spatial mode profiles for TE and TM polarization are almost identical. We therefore restrict the following discussion to iϭTE polarization. The mode profiles Eg m (r) and Er n (r) are obtained by solving Helmholtz' equation. We find that the waveguide of diode A supports two guided modes. The intensity profile ͓propor-tional to ͉Eg m (r)͉ 2 ] of the fundamental mode mϭ0 is shown in the inset in Fig. 1 . The increase in waveguide thickness from 440 nm to 1 m in diodes B and C increases the number of bound modes to three. Intensity mode profiles are shown in the insets of Figs. 2 and 3 , respectively. Note that the off-center QW position in diode C breaks the lateral symmetry of the mode profiles. The spatial structures of these profiles have typical dimensions of 0.4 m, larger than the width of I in . Therefore, the efficiency of the coupling into the respective modes depends sensitively on the position of the near-field probe within the waveguide.
To simulate the near-field images one has to evaluate the contribution of each excited waveguide mode to the PC signal. We assume that the PC signal is only generated by carrier absorption in the DQW layer. Around the laser photon energy, the far-field PC spectra vary linearly with the DQW absorption coefficient. 16 Thus absorption of propagating modes m is characterized by an effective absorption coefficient ␣ eff,m ϭϪIm(k z,m 2 )/͓2 Re(k z,m )͔ which is defined by the overlap integral of mode profile and DQW and the DQW absorption coefficient. Due to the presence of the AR layer the contribution of evanescent modes is negligible. The total PC signal can then be written as the superposition of the contribution from guided and radiation modes as
␣ eff,n . The second term, the contribution from radiation modes, gives rise to a spatially slowly varying background signal for tip positions within the waveguide and cladding layers. Our simulations and experiments show that this contribution modes is significantly smaller than that from guided propagating waveguide modes. 17 The NPC images therefore map the space-dependent coupling of a localized light source into propagating guided modes of the laser waveguide and their absorption by the active DQW layer.
For active layers positioned in the center of the waveguide only modes of even symmetry are effectively absorbed, with a typical absorption length of about 10 m.
Therefore, for diode A only the ground mode mϭ0 contributes to the NPC signal. The width and overall shape of the experimental NPC trace are well reproduced ͑Fig. 1͒. A closer inspection shows that the experimentally observed exponential decay of the signal for excitation outside the waveguide is weaker than the calculated one. This decay length is a sensitive measure of the difference in refractive indices between waveguide and cladding layers. 1, 2 This difference is obviously overestimated in our simulations that did not consider the effect of doping on the refractive indices of the core/cladding layer.
As the number of guided modes is increased by changing the waveguide width to 1 m, the NPC signal of diode B shows a superposition of mϭ0 and mϭ2 modes. Its overall shape is again well reproduced. Not reproduced is the pronounced asymmetry of the experimental trace. Such an asymmetry may only be obtained in our simulations by assuming slightly different refractive indices in the p-and n-doped cladding layers. An off-center position of the active DQW layer ͑diode C͒ induces absorption of all three bound modes, mϭ0 -mϭ2. Consequently, the pronounced triple peak structure observed for diode B is almost entirely washed out, as observed experimentally and theoretically ͑Fig. 3͒.
In conclusion, we have presented near-field photocurrent study of high-power laser diodes of different waveguide structures. We have experimentally and theoretically demonstrated the potential of this technique for directly imaging the mode profiles of optical waveguide structures of submicron dimensions.
